Abstract. While host-species diversity often influences microbial prevalence, there may be multiple mechanisms causing such effects that may also depend on the foraging strategy of the microbes. We employed a natural gradient of rodent-species richness to examine competing hypotheses describing possible mechanisms mediating the relationship between host-species richness and the prevalence of the most dominant microbes, along with microbe specificity to the different rodent host species. We sampled blood from three gerbil species in plots differing in terms of the proportion of the different species and screened for the most dominant bacteria. Two dominant bacterial lineages were detected: host-specific bacteria and hostopportunistic bacteria. Using a model selection approach, we detected evidence for both direct and indirect effects of host-species richness on the prevalence of these bacteria. Infection probability of the host-specific lineage was lower in richer host communities, most likely due to increased frequency and density of the least suitable host species. In contrast, field observations suggest that the effect of host-species richness on infection probability of the opportunistic lineage was both direct and indirect, mostly mediated by changes in flea densities on the host and by the presence of the host-specific lineage. Our results thus suggest that hostspecies richness has multiple effects on microbial prevalence, depending on the degree of hostspecificity of the microbe in question.
INTRODUCTION
In light of the unrelenting worldwide problem of biodiversity loss and the concomitant rise in prevalence of wildlife and zoonotic diseases, there is increasing interest in how host-species richness (the number of host species) and composition (the proportion of different host species) influence pathogen prevalence and abundance (reviewed in Dobson et al. 2006 , Johnson and Thieltges 2010 , Keesing et al. 2010 , Vourc'h et al. 2012 . In this context, researchers aim at distinguishing between the dilution effect and the amplification effect hypotheses. Increasing species richness while maintaining the total number of individuals fixed may decrease the density of the host preferred by microbes through, for example, inter-specific competition, reduce encounters between susceptible and infected hosts, and/or reduce the probability that contact between individuals leads to transmission (Keesing et al. 2006) . These mechanisms would thus lead to a dilution effect, i.e., a reduction of microbial prevalence due to increased host species diversity (e.g., Ostfeld and Keesing 2000 , Johnson et al. 2008 , 2013 , Allan et al. 2009 , Clay et al. 2009a , b, Keesing et al. 2009 , Haas et al. 2011 . Conversely, increasing species diversity may increase encounter rates between susceptible and infected hosts (as would occur, for instance, when individuals of the preferred host species are more clumped in the presence of other host species or when the total host density increases) and/or may introduce new, more compatible hosts to the community. These mechanisms would lead to an amplification effect, namely an increase in microbial prevalence/abundance due to increased hostspecies diversity (e.g., Saul 2003 , Kelly et al. 2009 , Roche and Guegan 2011 .
A large body of data collected from natural communities supports the dilution effect, suggesting that this effect likely governs the transmission of numerous agents of zoonotic diseases (reviewed in Dobson et al. 2006 , Keesing et al. 2010 , Brisson et al. 2011 . However, recent syntheses argue that biodiversity-disease relationships are more complex and can be negative, positive, or neutral in nature, depending on the ecological context (Randolph and Dobson 2012, Wood and Lafferty 2012) . Evidence points to biodiversitydisease relationships as depending on the temporal and spatial scales of biodiversity change, on the life-history traits of hosts in a community, and in the case of vectorborne pathogens, on the level of vector specificity for the host (Kilpatrick et al. 2006, Randolph and Dobson 3 Corresponding author. E-mail: hadashaw@bgu.ac.il 2012, Wood and Lafferty 2012 , Huang et al. 2013 , Johnson et al. 2013 ). Owing to this complexity, examination of the multiple effects possibly caused by changes in host-species richness on microbial infection is warranted for a particular study system. Most important is the simultaneous testing of multiple coexisting microbial species, as microbes may vary in their level of host specificity for available hosts and, therefore, respond differently to changes in host-species richness Keesing 2000, Johnson and Thieltges 2010) . We attempted to explore conditions that are related to community structure and microbial host specificity and which can determine the relationship between hostspecies richness and microbial prevalence. Accordingly, we used a natural gradient of rodent-species richness and associated patterns of (1) host-species composition (hypotheses 2-3 in Table 1 ), (2) vector density (hypothesis 4 in Table 1 ), (3) total host density (hypothesis 5 in Table 1 ), and (4) microbial co-infection at the individual-host level (hypothesis 6 in Table 1 ). We tested which of these four effects can best explain the observed relationship between host-species richness and the prevalence of the most common microbial lineages and compared them to the direct effect of species richness (hypothesis 1 in Table 1) .
Rodent-flea-bacteria communities in the western Negev dunes in Israel offer ideal, natural experimental conditions for exploring host-species-richness-microbial-prevalence associations. This region includes defined areas hosting rodent communities of different species composition in close proximity to one another (Fig. 1) . These communities have been well studied for over more than 30 years (e.g., Abramsky et al. 1985 , Wasserberg et al. 2006 , giving us the advantage of focusing on the most common species assemblages rather than on ephemeral species compositions. In the study area, all Assuming that opportunistic microbes are more tolerant to changes in host quality, infection probability should not be affected.
Transmission reduction. For example, the addition of a competitor species to the preferred host may increase its stress levels, making it a less suitable host.
2) Proportion of target host species Contact probability between microbe and preferred host should decrease if added species reduces the proportion of preferred hosts in the community, even when host densities are not affected.
Infection probability should not be affected.
Encounter reduction. For example, a reduction in proportion of the preferred host may reduce the chance of the vectors to locate them.
3) Density of target host species
Contact rate between microbe and preferred host should decrease if added species reduce the density of preferred hosts in the community.
Assuming that the density of the less-preferred host species is not a limiting factor, infection probability should not be affected.
Susceptibility host regulation/ infected host mortality. For example, the addition of less preferred hosts may limit the population density of the more preferred hosts via interspecific competition. 4) Vector density Contact probability between infected vectors and hosts should decrease if an added host species is less suitable for the vector than are the other hosts and vice versa.
The hypothesis is the same as for host-specific microbes.
Vector regulation; can be either a continuous or a threshold effect.
5) Total host density
Contact probability between infected vectors and hosts should decrease if added host species reduce the total host density and vice versa.
Encounter reduction between hosts to vectors. For example, when there is asymmetric competition between the added host and the others. 6) Co-infection with other bacteria
In systems where a hostspecific and opportunistic microbe may coexist in the same host and vector species, they will be associated in a nonrandom manner in host individuals.
Co-infection has not been explicitly tested in a dilution effect context.
Note:
The first five have been previously offered to explain the relationship between host species diversity and microbial prevalence (Keesing et al. 2006) , while coinfection has not been explicitly tested in a dilution effect context. rodent species are infested by the same flea species, Synosternus cleopatrae, which is likely to transmit bacteria from one host species to another via blood feeding. Thus, any flea-borne bacteria have the opportunity to reach any rodent species in a given area. We determined the presence/absence of the two most dominant flea-borne bacterial lineages, haemomuris-like Mycoplasma and Bartonella sp. (see Appendix A and Fig. 2 ), in plots differing in their host-species composition, along with the specificity of these microbes to the three gerbil host species present.
Host specificity here refers to cases in which a microbe in multispecies plots is more prevalent in one host species as compared to others. Based on epidemiological models (Keesing et al. 2006) , we hypothesized that hostspecies richness affects the infection probability of a host-specific microbe either directly, for example, if added host species change the probability of transmission between infected and susceptible hosts (transmission reduction, in Keesing et al. 2006) , or indirectly, if added species change the proportion of hosts from a given species (encounter reduction in Keesing et al. 2006) or the density (i.e., number of individuals of a given species per area; susceptibility host regulation/ infected host mortality in Keesing et al. 2006 ) of different hosts in the community. At the same time, an opportunistic microbe would not be affected by any such changes (hypotheses 1-3 in Table 1 ). In contrast, both host-specific and host-opportunistic microbes may be affected by changes in vector and/or total host densities formed by the species richness gradient if those affect the contact rates between infected vectors and hosts or vice versa (hypotheses 4-5 in Table 1 ; vector regulation and encounter reduction in Keesing et al. 2006) . Finally, because our two microbial species are vector-borne, and thus may coexist in the same host and vector individuals, we hypothesized that we would find a nonrandom association between them due to either direct competition or facilitation at the individual host, or through indirect interactions via, for example, the above three effects (hypothesis 6 in Table 1 ).
We found that in natural communities, which include multiple host and microbial species, coexisting microbes may exhibit different foraging strategies. In these communities, host richness may have multiple effects on microbial prevalence, depending on the level of host specificity.
MATERIALS AND METHODS

Experimental design
Rodents were trapped in 37 independent 1-ha plots located in the western Negev in Israel (34830 0 E and 30855 0 N; Fig. 1 ). Plots were randomly selected based on species composition records from previous rodent studies with the goal of sampling the most common FIG. 1. The western Negev dunes located in the southwestern part of Israel (hatched rectangular area in the inset). Rodents were trapped at sites with different combinations of Gerbilus andersoni (white), G. pyramidum (light gray), and G. gerbillus (dark gray). Each circle represents a location containing two to three independent 1-ha plots. Black flags represent sites where gerbils were positive for haemomuris-like Mycoplasma, white flags represent sites where rodent blood was not sampled, and sites without flags indicate that haemomuris-like Mycoplasma was not detected in the blood samples.
FIG. 2. Phylogenetic trees of (A) Mycoplasma and (B)
Bartonella sequences that were constructed based on the blood and flea samples collected in this study from the southern part (S) and in another study from the northern part (N) of the western Negev dunes, with the addition of references from fleas collected by Morick et al. (2010;  for Bartonella bacteria, ending with the accession numbers) and from other classified sister taxa added. The code of our samples is formed from five components separated by an underscore: source of DNA extract, geographical region, species composition (GA, Gerbilus andersoni; GAGP, G. andersoni-G. pyramidum; GPGG, G. pyramidum-G. gerbillus; GAGPGG, three-species plots), the host species that was sampled, and the serial number of the sample. Numbers near branches reflect bootstrapping robustness. The main robust clusters are numbered. species assemblages in the area (single-species communities of Gerbillus andersoni, two-species communities of G. andersoni and G. pyramidum or G. pyramidum and G. gerbillus, and three-species communities including a combination of these species; Abramsky et al. 1985 , Ben-Natan et al. 2004 , Hawlena et al. 2005 Y. Ziv, personnal communication) . Differences in host-species composition of plots in relative close proximity to one another were attributed to microhabitat heterogeneity in the western Negev sand dune ecosystem and the related habitat preference of the rodents. In particular, G. andersoni and G. pyramidum prefer semistabilized microhabitats but when the preferred habitat is occupied, the secondary preference of the two species differs, with G. andersoni preferring more stabilized sandy microhabitats and G. pyramidum preferring the drifting sandy microhabitats where G. gerbillus is mostly found (Shanas et al. 2006 , Wasserberg et al. 2006 . The observed species composition of 31 plots was in agreement with previous surveys. Only in six plots where G. andersoni was expected to be the sole species did we sample a significant number of G. pyramidum individuals. The stability of host-species composition in the plots over a period of more than three years suggests that our data reflect long-term differences in host-species composition rather than an ephemeral situation.
To maintain independence and to avoid confounding time and treatments, all plots were located at least 40 m apart from each other and pairs of multiple-host and single-host plots were sampled during the same trapping sessions. As a result, the movement of individuals between plots was never detected. A single rodent species predominated in 13 plots (G. andersoni ), two species were mainly detected in 17 plots (G. andersoni and G. pyramidum in 14 plots and G. pyramidum and G. gerbillus in three plots), and all three species co-occurred in seven plots (Fig. 1) . In addition to the three dominant rodent species listed above, a total of nine Gerbillus henleyi, two Gerbillus dasyurus, and two Merionus crassus individuals were caught, although these rodent species comprised less than 20% of the total host species in a plot. As such, these animals were omitted from subsequent analyses. Trapping was conducted over the course of a month and a half (July-August 2011), minimizing differences in conditions between trapping nights due to seasonal changes.
Rodent trapping
During each trapping session, rodents were captured in four or six 1-ha plots on three consecutive nights using 40 live Sherman Traps (H. B. Sherman Traps, Tallahassee, Florida, USA) uniformly placed in four columns and 10 rows per plot. Each captured individual was ear tagged, identified to species, weighed, and its age and sex were determined. We gently held each rodent above a plastic can, blew over its fur, and collected the jump-off fleas, following Hawlena et al. (2005) . Fleas, collected only from individuals at their first capture to avoid pseudo-replication, were stored in 70% ethanol at À208C until their species was determined. Approximately 100 lL of blood was drawn from the orbital sinus of a total of 104 individual rodents to heparinized capillaries under local anesthesia using Localin (0.4% benoxinate hydrochloride; Fisher Pharmaceutical Labs, Tel Aviv, Israel). We stored the blood in tubes with EDTA at À208C. The minimal number of live individuals trapped over three nights was determined (hereafter, host density; Krebs et al. 1969 ). All rodents were released at their place of capture. The trapping and handling protocol was approved by the Ben Gurion University of the Negev Committee for the Ethical Care and Use of Animals in Experiments (permission #IL-14-03-2011) and by the Nature and National Parks Protection Authority (permission #2011/38146).
Bacteria sampling
DNA was extracted from rodent blood using a BiOstic Bacteremia DNA isolation kit (MoBio, Carlsbad, California, USA) following the manufacturer's instructions. In each extraction session, a negative control was added in which all of the reagents were added to phosphate-buffered saline instead of blood. We chose haemomuris-like Mycoplasma and Bartonella sp. as the target bacterial lineages for study because 16S rRNA gene amplification and pyrosequencing of the 104 DNA samples collected suggested that these two lineages dominated the gerbil-blood bacterial community (see Appendix A and Fig. 2, for details) . To confirm that these two bacterial lineages are flea-borne, we extracted the DNA from 85 fleas using a DNeasy Blood and Tissue Kit (QIAGEN, Valencia, California, USA) according to the manufacturer's purification of total DNA from ticks supplementary protocol for detection of Borrelia DNA (Hawlena et al. 2013) .
Detection of each bacterial lineage in DNA extracts prepared from blood and flea samples relied on the polymerase chain reaction (PCR; see Appendix B, for a description of the primers and reaction conditions).
Sequencing was performed according to the Sanger method (1) to confirm that positive bands corresponded to sequences derived from Mycoplasma and Bartonella and (2) to test whether bacterial sequences in the different samples belong to a single or multiple Mycoplasma and Bartonella lineages. For detailed phylogenetic and sequencing methods, see Appendix C.
Data analysis
To test whether the two dominant bacterial lineages were specific to a particular host species, we analyzed DNA samples from multispecies plots. Specifically, we used a generalized linear mixed model (GLMM) with a binomial distribution to test for the presence/absence of a particular bacterial lineage (dependent variable) in a host species (explanatory fixed variable). We included plot ID as a random factor because host individuals were nested within plots but plots were randomly selected. A bacterial lineage was defined as host-specific if it was significantly more prevalent in one/two host species than in others in multispecies plots. Conversely, a bacterial lineage was defined as opportunistic if it was not significantly more prevalent in one/two host species than in others.
To test which of the competing hypotheses (Table 1 ) best explains the variability in the overall probability of being infected by Mycoplasma or Bartonella lineages, we used a model selection approach (Burnham and Anderson 2002) on data obtained from DNA samples from all plots. We compared models using model probabilities (w i , where i corresponds to a specific model) based on Akaike's information criterion corrected for small sample size (AIC c ), which gives a measure of the plausibility, on a 0 to 1 scale, that a particular model is indeed the best model (Burnham and Anderson 2002) . Each model in the model set, which corresponded to a hypothesis, was a GLMM with a binomial distribution with the presence/absence of a particular bacterium as a dependent variable and plot ID as a random effect. The fixed explanatory variable in each model represented the tested hypothesis (see Tables 1  and 2 ). Flea density was included both as a continuous and a binary variable (below or above the median of flea density per host) to account for the possible effect of a threshold vector burden rather than exact vector abundance, as the latter may vary considerably over time and space (e.g., Hawlena et al. 2005 , Krasnov et al. 2006 . A similar statistical procedure was also applied to test which of the competing hypotheses (Table 1) best explains the variability of the probability of G. andersoni, the most common species, to be infected by Mycoplasma or Bartonella.
To confirm that the explanatory variables of the different hypotheses are indeed correlated with species richness and, therefore, mediate the associations between host-species richness and microbial prevalence, we also performed Spearman correlation tests between host-species richness and each of the explanatory variables (Table 2) .
All GLMMs were run with the aid of the glmmADMB package (Fournier et al. 2012 , Skaug et al. 2013 in R (R Development Core Team 2013). We provide the R code and other relevant data in Supplements 1 and 2.
To investigate the nature of association between the dominant bacterial lineages, we performed co-occurrence analyses using the ECOSIM program (Acquired Intelligence, Victoria, British Columbia, Canada). This software tests for nonneutral patterns of co-occurrence and results in a C-score. In the null model, row sums were held constant while column sums allowed an equal colonization probability of individuals (column constraints are equiprobable). The resulting C-scores measured the tendency for species to not occur together. Thus, the larger the C-score, the less the average cooccurrence among species pairs, an indication for interspecific competition. Scores that are significantly lower than expected by chance indicate facilitation. Table 1 . AIC c is the Akaike information criterion corrected for small sample sizes (Burnham and Anderson 2002) ; DAIC c is the difference in AIC c between current and best model; and w i is the Akaike weight, the relative likelihood of the model given the data and the set of models. Akaike weights are normalized across the set of candidate models to sum to 1 and are interpreted as probabilities. The best models, which are summed up to w i ! 0.9, are strongly supported by the data and are shown in boldface type.
Not applicable; direct effect. à Sample size is too small.
RESULTS
General results
In total, 37 1-ha plots were sampled, and 178 individuals were trapped from the three dominant rodent species (107 G. andersoni, 56 G. pyramidum, and 15 G. gerbillus). Blood samples were successfully collected from 104 host individuals (G. andersoni, 37 in single-species plots, 19 in two-species plots, and six in three-species plots; G. pyramidum, 19 in G. andersoni-G. pyramidum plots, eight in G. pyramidum-G. gerbillus plots, and five in three-species plots; G. gerbillus, three in two-species plots and seven in three-species plots; Fig.  1 ).
Phylogenetic trees
All Mycoplasma-positive samples that were sequenced best matched M. haemomuris (90-95% similarity), confirming our PCR screening results. A phylogenetic tree suggested that, regardless of their origin (i.e., host species and community composition of hosts), the Mycoplasma found in all blood samples belong to a single cluster, which is closely related to, but distinguishable from, M. haemomuris ( Fig. 2A) . In the following analyses, we will thus term these as haemomuris-like Mycoplasma. A 41% prevalence of haemomuris-like Mycoplasma in the flea samples confirmed that these are flea-borne. Similarly, all Bartonella-positive samples that were sequenced best matched Bartonella, again confirming our PCR screening. The phylogenetic tree generally agrees with a published Bartonella tree generated from Bartonella-positive S. cleopatrae samples that were previously collected from G. andersoni and G. pyramidum rodents from the Negev Desert (Morick et al. 2010 ). The Morick et al. sequences closely matched the Bartonella sequences in our study (Fig. 2B) . Moreover, the two data sets suggest that multiple Bartonella genotypes are found in the Negev desert. In particular, two distinct clusters were detected in the fleas and blood samples (Clusters 1 and 2 in Fig. 2B ). Each Bartonella cluster was found in both flea and blood samples, in G. andersoni and G. pyramidum hosts, and in plots with different host-species compositions (Fig. 2B) , indicating that the two clusters are not host-specific. Therefore, we chose not to distinguish between the clusters and instead address them as Bartonella sp.
The level of host specificity by bacteria
Our data indicate that haemomuris-like Mycoplasma are specific to G. andersoni hosts. First, in G. andersoni-G. pyramidum plots, the probability of detecting haemomuris-like Mycoplasma in blood samples of G. andersoni was significantly higher than in samples of G. pyramidum (logistic GLMM, z ¼À3.7, P , 0.0005; Fig.  3 ). Second, haemomuris-like Mycoplasma were never detected in G. gerbillus hosts even though they were detected in blood samples of G. andersoni collected from nearby plots (Fig. 1) . It could be argued that this is a result of the low number of G. gerbillus individuals trapped in this study. Such an explanation is, however, unlikely because if haemomuris-like Mycoplasma prevalence was similar in G. gerbillus and G. andersoni hosts, then we would expect to find nine of the 10 G. gerbillus individuals infected with haemomuris-like Mycoplasma. Finally, no haemomuris-like Mycoplasma were detected in blood samples collected from rodents in the G. pyramidum-G. gerbillus or in the three-species plots (Fig.  4) . In these plots, the proportion of G. andersoni was relatively low. In contrast, Bartonella sp. bacteria were found in all plot types and did not show any specific competence for a particular host species. In G. andersoni-G. pyramidum plots, Bartonella sp. bacteria were found in all but one host individual (Fig. 3) . In G. pyramidum-G. gerbillus plots, Bartonella sp. was found in all host individuals. Finally, in three-species plots, there were no significant differences in the prevalence of Bartonella sp. among the three host species (logistic GLMM, z , 0.09, P . 0.4, for all pairwise comparisons of Bartonella sp. among the three host species).
Association between rodent-species richness and bacterial prevalence
As predicted, all host-related and plot-related variables were significantly correlated with host-species richness (Table 2) . However, the overall probability of being infected by haemomuris-like Mycoplasma, the G. andersoni-specific lineage, was best explained by the frequency and density of G. gerbillus (Table 2) . These were also the best explanatory variables for the probability of G. andersoni being infected by haemomuris-like Mycoplasma (Akaike weight, the relative likelihood of the model given the data and the set of models, w i ¼ 0.5 for both models). In particular, increases in the FIG. 3 . Probabilities that Gerbilus andersoni or G. pyramidum will be infected by haemomuris-like Mycoplasma or Bartonella sp. in G. andersoni-G. pyramidum plots. The sample size is 19 for all columns.
frequency and density of G. gerbillus were associated with an absence of haemomuris-like Mycoplasma in the G. pyramidum-G. gerbillus and the three-species plots (Fig. 4) .
The overall probability of being infected by Bartonella sp., the host-opportunist lineage, was best explained by the direct effect of host-species richness, vector density, and coinfection with Mycoplasma (Table 2 ). In particular, the increase in probability of infestation by high (above median) flea burden was associated with an increase in the probability of being infected by Bartonella sp. in the two-species plots but decreased in the three-species plots (Fig. 5) . The probability of G. andersoni being infected by Bartonella sp. was exclusively explained by coinfection with Mycoplasma (w i ¼ 99%). The positive association between the two bacterial lineages was also revealed in the ECOSIM analysis, for which the significant C-scores of the observed cooccurrence data were significantly lower than the scores expected by random assemblages, suggesting facilitation between these two lineages. This result was maintained whether we included all plots and host species (P , 0.005), only G. andersoni in G. andersoni-G. pyramidum plots (P , 0.05), or only single-species plots (P , 0.001) in the analysis. The standardized effect scores were all lower than À2.2, indicating that the C-score for the observed data was over 2.2 standard deviations lower than the mean expected by chance.
DISCUSSION
Using a natural field experiment, we collected evidence arguing that (1) host-species richness has multiple, mainly indirect, implications on microbial community structure; (2) natural microbial communities can comprise both host opportunists and specialists, and they may depend on each other; and (3) the associations between host-species richness and microbial prevalence depend on microbe-host specificity and on the mechanism in action. Our results thus suggest that the link between host-species richness and microbe community composition is, by some means, predictable.
Associations between host-species richness and community structure of hosts and their microbes
The unique field setting in this study, in which the species richness gradient is (1) represented by the most FIG. 4 . Overall infection probability by haemomuris-like Mycoplasma in all host species and the associated Gerbilus gerbillus density (number of individuals captured during three nights/plot) at plots with different host species combinations of G. andersoni (GA), G. pyramidum (GP), and G. gerbillus (GG), where N ¼ number of blood samples tested per treatment.
FIG. 5. Changes in overall probability of Bartonella sp. infection (columns), as compared to parallel changes in the probability to be infested by high flea burden (i.e., above the median flea burden; black squares) at plots with different host species combinations of Gerbilus andersoni (GA), G. pyramidum (GP), and G. gerbillus (GG) , where N ¼ number of blood samples tested per treatment. common species compositions, (2) created through changes in species composition of resident rather than transient host species, and (3) not confounded with major habitat differences, allowed us to explore the associations between host-species richness and the community structure of hosts and their microbes. The field data supports a predictable structure of gerbil communities in which species-poor communities are nested within species-rich communities. It has been recently shown in an amphibian-trematode system that a nested pattern affects parasite transmission, with reduced infection rates in species-rich assemblages due to a lower proportion of highly competent host species, as compared to species-poor assemblages (Johnson et al. 2013) . Our results support this pattern for the hostspecific bacterium (Fig. 4) , suggesting that in natural communities, there might be a general link between host-species richness, host-species composition, and community competence (i.e., the weighting of each host species' competence and relative abundance within the community) for host-specific micro-/macro-organisms.
We detected evidence that host-species richness is related to multiple components of community structure, including the density and proportion of the different host species, total host densities, vector densities, and rate of microbial coinfection (Table 2 ). In addition, our data support the claim that the various mechanisms previously offered to explain the biodiversity-disease relationship are not mutually exclusive (Keesing et al. 2006) . We found supporting evidence for the effects of transmission reduction, encounter reduction, susceptibility host regulation/infected-host mortality, vector regulation, and coinfection (models 1-4 and 6 in Tables  1 and 2 ). Moreover, as the species richness gradient was associated with changes in both the proportion and density of the host species, the model selection procedure supported the effect of these variables on microbial prevalence equally well (models 2-3 in Table  2 ).
We are unable to determine whether host-species richness is the driver for the changes in microbial prevalence due to the observational nature of the study. If species richness is indeed the driver, then it remains to be tested whether its effect is direct or indirect. A major challenge is thus to manipulate rodent-species richness in the natural setting while controlling for either total rodent densities, proportion of specific species, or microbial coinfection (for an example, see Johnson et al. 2013) . Meanwhile, our model selection analysis suggests that the major effects of species richness on microbial prevalence are indirect. For example, the proportion and density of G. gerbillus, the least abundant and least preferred host species of Mycoplasma, were remarkably better predictors of infection (or in this case, absence of infection) with haemomuris-like Mycoplasma than were the proportion and density of the other host species or the sole number of species in a community. This resulted in dramatic differences in infection rates between the two types of two-species plots (i.e., G. andersoni-G. pyramidum vs. G. pyramidum-G. gerbillus plots; Fig. 4 ). Most importantly, the proportion and density of G. gerbillus have not only had a major effect on the overall Mycoplasma infection but also on the infection probability of G. andersoni hosts. Other important factors that may be affected by changes in host-species richness and should thus be evaluated as indirect effects include vector behavior, community competence, the composition of other nonhost species in the food web, as well as host body condition, home range, and stress levels (Keesing et al. 2006 , Kilpatrick et al. 2006 , Roche and Guegan 2011 , Randolph and Dobson 2012 , Wood and Lafferty 2012 , Johnson et al. 2013 ).
Foraging strategies of coexisting microbes and possible associations between them
Another important pattern revealed in this study is that microbes that coexist and, therefore, are exposed to similar selection forces, may exhibit different foraging strategies. A critical test for confirming differences in foraging strategies of the two bacteria lineages and for testing whether infection differences among hosts are a result of differences in susceptibility or suitability of the rodent species could be experimental exposure of naive rodents to the two bacterial lineages. Nevertheless, the distinctiveness of the foraging strategies adopted by the two bacterial lineages is well supported by their distribution among rodent species in the multispecies plots. In addition, the fact that the same vector species transmits both microbes makes alternative explanations for differences in infection pattern among bacterial lineages, such as differences in vector exposure or biting rates, unlikely.
The observed level of host specificity is likely to depend on the phylogenetic distance between hosts and the scale of the study. For example, while Bai et al. (2009) found major differences in the prevalence of Bartonella spp. among rodent genera, within-genus differences were found only among four out of eight Peromyscus species and in none of the other five genera that were tested. Those between-species differences might be a result of the large study scale, which included blood samples from rodents collected from 24 geographical sites that represent various habitats, where different flea and Bartonella species may occur.
At a given spatial scale, while an opportunistic microbe is likely to exploit a broader range of hosts and thus survive in variable host communities, it may be less efficient in exploiting a particular host species relative to the efficiency of exploitation of the preferred host species by the host-specific microbe (Futuyma and Moreno 1988) . This trade-off may be the reason why Bartonella species are often susceptible to host immune systems and cause short-term infections (e.g., Kosoy et al. 1999) . A host-specific microbe, on the other hand, may have a restricted niche but possess the ability to survive and successfully reproduce in its specific host, thereby gaining an advantage over co-occurring opportunistic microbes (reviewed in Woolhouse et al. 2001 ). Due to this trade-off between infectiousness and reproductive success, it is possible that microbes adopt either of these strategies.
Our data suggest that different foraging strategies may elicit different responses from microbes to hostspecies richness. While the host-specific microbe was diluted in species-rich communities, the probability of infection by the host-opportunistic bacterium was higher in two-host species plots than in single-host species plots and was better explained by vector densities rather than by the proportion or density of the different host species (Fig. 5, Table 2 ). This potential effect of the foraging strategy of the microbe calls for a greater emphasis on the inclusion of the pathogen traits in disease models.
We also found evidence for a positive association between the host-specific and host-opportunistic bacteria. Although we are unable to assess whether coinfection is a passenger or a driver of the observed associations between host-species richness and microbial prevalence, our analysis suggests that even when only a single microbial species is affected by host-species richness, the prevalence of other microbial lineages may also be affected. This finding is in line with studies showing the complex direct and indirect effects that parasites have on each other, either within a host (reviewed in Pedersen and Fenton 2007) or in the community, when mediated through common host species in the community (Pilosof et al. 2013) . Thus, it is important to address the microbial community as a whole and avoid predicting responses to biodiversity changes based on examination of a single microbial species.
Taken together, the observations made in this study broaden our understanding of candidate mechanisms that underlie the associations between host-species richness and microbial prevalence. To predict full microbial responses to biodiversity, including those of pathogens, it is important to take a community perspective and study numerous microbial responses simultaneously. It is also vital to understand specific host-vector, host-microbe, vector-microbe, and microbe-microbe interactions before trying to foresee the effects of adding or eliminating a host species from a given system.
